Parallel processing is more stable than serial processing in many areas that employ interconnected activities. This hypothesis was tested for microbial community function using two quadruplicate sets of methanogenic communities, each set having substantially different populations. The two communities were maintained at a mean cell residence time of 16 days and a mean glucose loading rate of 0.34 g/liter-day in variable-volume reactors. To test stability to perturbation, they were subjected to an instantaneous glucose pulse that resulted in a 6.8-g/liter reactor concentration. The pattern of accumulated products in response to the perturbation was analyzed for various measures of functional stability, including resistance, resilience, and reactivity for each product. A new stability parameter, "moment of amplification envelope," was used to compare the soluble compound stability. These parameters indicated that the communities with predominantly parallel substrate processing were functionally more stable in response to the perturbation than the communities with predominantly serial substrate processing. The data also indicated that there was good replication of function under perturbed conditions; the degrees of replication were 0.79 and 0.83 for the two test communities.
Parallel processing of complex interconnected activities has been proven to be a more efficient and robust approach in many systems, including information processing (5, 13) , fluid flow (7), neurobiology (10) , and communication (5) . This phenomenon may also hold true for mixed microbial systems since functionally they are also equivalent to a network of metabolic activities of many interdependent populations. Methanogenic systems are good examples of networks in which a number of fermentative, syntrophic, and methanogenic populations work together as a community to convert organic substrates to methane via the well-recognized anaerobic food chain (Fig. 1a) . If the above hypothesis is true, a substrate perturbation processed through multiple routes in parallel should result in a higher functional stability of the system because of the potential distribution of substrate to several populations or activities. Alternatively, if the same perturbation is processed through routes involving a smaller number of intermediate products in a serial manner, then the system should be less stable. The kinetic and thermodynamic constraints on each route may, in addition, modulate the outcome. Several issues emerge at the outset for testing such a hypothesis; these issues include establishment of the two systems, quantification of the functional stability, and replication of results. We address these issues as follows.
Performance of the same overall function by different microbial communities under the referential state is perhaps ubiquitous. However, selecting two communities that perform the same overall function (viz., conversion of complex organic substrate to methane) via parallel and serial routes in both referential and perturbed states is extremely difficult, if not impossible, with our current knowledge of microbial systems. To approximate the processing differences, we used two methanogenic communities that originated from anaerobic digestor sludge from the same wastewater treatment plant but differed widely in their maintenance periods on glucose as well as in their dominant fermentative and methanogenic populations (4) . One inoculum source was operated for 17.5 mean cell residence times (MCRTs), and the other was operated only for 5.8 MCRTs before a substrate perturbation was applied. Based on these differences, we expected that the two communities would also differ in their responses to the perturbation. Whether they would conform to the parallel or serial model of substrate flow under the perturbed conditions was not known a priori.
To measure functional stability, we adopted parameters described in ecology (6, 11) in terms of the amplification envelope of key intermediate products in response to a perturbation (Fig. 1b) . The two main parameters obtained from this envelope are resistance and resilience. Resistance of a community with respect to an intermediate product is defined as the maximum accumulation of the product. It is a measure of the buffering capacity of the community with respect to the corresponding intermediate product (11) . Resilience is defined as the time taken by the accumulated intermediate product to return to its referential state (11) . As defined, a higher numerical value denotes lower resistance or resilience. A third component of the amplification envelope that may be useful in characterizing the stability is reactivity, which is defined by the maximum slope of the rising limb of the envelope (11) .
For replication, we used four identical reactors for each inoculum source. Replication was an important part of this study because it is possible that two communities similar in function under a referential state may perform quite differently under perturbed conditions. This may be due to underlying differences that may exist in the microbial community structure or in the biochemical pathways that are operating in the two communities. It was anticipated, however, that multiple communities originating from the same source and maintained under identical conditions without contamination should be similar with respect to function under both referential state and perturbed conditions.
The responses of the two communities to the applied perturbation indicated that their functional stabilities were related to the substrate flow pattern. We observed greater stability in the communities that processed glucose by parallel pathways. In addition, the functional responses of the two communities were found to be replicable within each set under perturbed conditions.
MATERIALS AND METHODS
Reactor operation, inoculum source, and characteristics. Two sets of variablevolume methanogenic reactors were operated with an effective MCRT of 16 days. One set, designated the high-spirochete (HS) set (reactors 5 through 8), was dominated by spirochetes, short rods, and methanosarcinas (4), and the other set, designated the low-spirochete (LS) set (reactors 1 through 4), was dominated by cocci and methanosaetas. Each reactor consisted of a 500-ml reagent bottle (Fisher Scientific, Pittsburg, Pa.) sealed with a butyl rubber stopper (Fisher Scientific) and maintained at 35°C in a temperature-controlled water bath (Lab Line Instruments, Inc., Melrose Park, Ill.). Reactor contents were completely mixed with stir bars and were protected from light. Feeding and sampling ports for the liquid and headspace were made by using 2-to 6-in.-long 18-gauge syringe needles (Fisher Scientific), 3/8-in.-diameter tubing (low O 2 permeability; Cole Parmer Instrument Co., Vernon Hills, Ill.), and plastic connectors and valves (Cole Parmer). A sterile glucose solution (8 g of glucose per liter, 7 g of sodium bicarbonate per liter) and a sterile nutrient solution (40ϫ diluted) (16) were fed at rates of 12.5 and 5 ml/day, respectively, by using 140-ml syringes (Sherwood Medical Co., Norfolk, Nebr.) and syringe pumps (Harvard Apparatus, Inc., Holliston, Mass.). A 3.5-ml sample of each suspended culture was removed daily for measurement of pH, optical density, and soluble intermediate products.
After a period of 8 days, the 112 ml of suspended culture that accumulated was removed from each reactor and used for substrate utilization and community characterization assays. As a result, the liquid volume of the reactors varied from 250 to 362 ml over a period of 8 days (causing the glucose loading rate to cycle between 0.40 and 0.28 g/liter-day over an 8-day period). This sampling and wasting schedule resulted in an MCRT of 16 days. Each wasted volume was replaced by an equivalent volume of an oxygen-free CO 2 -N 2 (50:50) gas mixture from a 4-liter Tedlar gas collection bag (Cole Parmer) that was filled immediately prior to wasting. These bags were also used to collect the gases produced over the 8-day period and to provide replacement gas for daily sampling. The source and purity of all chemicals used in this study for feeding or standardization were the same as those described previously (16) .
Inocula for both sets of reactors were obtained from two 18-liter mother reactors fed glucose and seeded with anaerobic digester sludge from the municipal wastewater treatment facility at Jackson, Mich. The mother reactor for the HS set operated for more than 4 years under two different operating conditions. For the first 3.5 years, it operated at a loading rate of 0.8 g/liter-day and at an MCRT of 10 days. Nearly 200 days prior to its use as the inoculum source for the HS set, it received additional anaerobic digester sludge from the same source and was switched to a loading rate of 0.5 g/liter-day and an MCRT of 16 days. The mother reactor for the LS set was operated for 60 days at an MCRT of 16 days and at a loading rate of 0.5 g/liter-day.
At the time of inoculation of the two sets of reactors, the soluble organic carbon removal efficiency measured by chemical oxygen demand (COD) for both mother reactors was greater than 90%. The maximum substrate utilization rates for the mother reactor of the HS set were 29.1 Ϯ 3.2 mol/mg of protein/h for glucose, 7.6 Ϯ 3.3 mol/mg of protein/h for lactate, 2.5 Ϯ 0.45 mol/mg of protein/h for acetate, and 0.92 Ϯ 0.18 mol/mg of protein/h for butyrate. For hydrogen, the maximum substrate utilization rate, measured as the rate of production of CH 4 , was 11.4 Ϯ 4.6 mol/mg of protein/h. A methanogenic inhibition assay performed with bromoethanesulfonic acid (12) indicated that at 1 mM glucose fed in batch, the mother reactor for the HS set accumulated mostly acetate while the mother reactor for the LS set accumulated both acetate and butyrate.
Analytical techniques and assays. The efficiency of soluble organic carbon removal was monitored by analyzing COD and intermediate soluble products, including acetate, butyrate, isobutyrate, propionate, formate, lactate, and ethanol. Cells were removed by centrifugation at 6,000 ϫ g for 15 min, and an appropriate amount of the supernatant fluid was digested for COD analysis by using Hach 0-to 1,500-ppm-range COD vials (Hach Company, Loveland, Colo.). Glucose and soluble intermediate products were analyzed with a high-performance liquid chromatograph (HPLC) equipped with a 300-mm HPX-87H ion exclusion column (Bio-Rad Laboratories, Hercules, Calif.) connected to a UV/ Vis absorbance detector (Shimadzu, Wood Dale, Ill.) set at 210 nm and a refractive index detector (Waters, Inc., Milford, Mass.). The mobile phase was 0.013 N H 2 SO 4 at a flow rate of 0.7 ml/min, and the column temperature was set at 65°C. Centrifuged reactor samples were filtered through a 0.22-m-pore-size filter (Whatman, Inc., Ann Arbor, Mich.), acidified with 0.1 M H 2 SO 4 , and injected (100 l) into the HPLC. All compounds detectable with either the UV/Vis absorbance detector or the refractive index detector within 120 min were monitored. Volatile fatty acids were identified by their retention times compared to those of authentic standards on the HPX-87H column and also by gas chromatography-flame ionization detector analysis performed with a 4-mm-insidediameter, 183-cm-long glass column (GP10%, SP-1200/1% H 3 PO 4 ) and a Hewlett-Packard model 5890A series II gas chromatograph. The detection limits were 34 M for glucose, 3 M for lactate and ethanol, 4 M for butyrate and propionate, 5 M for acetate, 6 M for isobutyrate, 2 M for succinate, and 0.2 M for formate. Headspace hydrogen was measured with a Trace Analytical RGA3 reduction gas analyzer, and headspace methane was analyzed by gas chromatography (Hewlett-Packard model 5890 series II). The detection limits for hydrogen and methane were 2.7 ϫ 10 Ϫ6 and 0.01 atm, respectively. The gas production rate in the two reactor sets was not monitored. The measures of biomass used included optical density at 650 nm with a 1-cm light path (OD 650, 1 cm), total protein content (Comassie blue protein assay of alkaline extract), and content of volatile suspended solids (3). OD 650, 1 cm values were experimentally Substrate utilization assays were conducted in duplicate 60-ml serum bottles containing 20 ml of culture, 0.5 mM phosphate buffer (pH 7.2), and 20 mM substrate at 35°C (9, 15) . Specific inhibitor assays were conducted in duplicate 155-ml serum bottles containing 20 ml of culture, 1 mM glucose, and 0, 4.5, 8, and 17 mM bromoethanesulfonic acid at 35°C. Inhibition of methanogenic activity was quantified by measuring soluble products and methane accumulation after six consecutive additions of glucose.
Glucose perturbation. After the HS set was operated for 5 MCRTs (80 days) and the LS set was operated for 2 MCRTs (32 days) at an average glucose loading rate of 0.34 g/liter-day, glucose perturbation was applied simultaneously to both sets by increasing the concentration of glucose in each reactor to approximately 6.8 g/liter (38 mM). The concentrated glucose stock solution used for this purpose also contained an equivalent amount of a 50:50 mixture of sodium and potassium bicarbonates in order to provide buffer for the additional organic acids expected from fermentation of glucose. Samples were collected at appropriate intervals for soluble intermediate product analysis, as well as pH, optical density, protein, H 2 , and CH 4 analyses. For the initial 48 h after the perturbation, a rigorous sampling schedule was used to closely monitor the accumulation of intermediate products.
The time of perturbation for each set is designated time zero, and preperturbation times are referred to by negative values (days Ϫ80 to 0 for the HS set and days Ϫ32 to 0 for the LS set). The amounts of all soluble intermediate products were normalized to the amount of added glucose by expressing the levels of compounds in terms of the available electron equivalents (ee) and are expressed as percentages. Hydrogen and methane concentrations are expressed as reactor headspace concentrations (in atmospheres).
RESULTS AND DISCUSSION
Dynamics of the referential state. The COD removal efficiency before the perturbation (days Ϫ80 to 0 for the HS set and days Ϫ32 to 0 for the LS set) was 93% Ϯ 3% for both sets of reactors. For the HS set, the remaining COD included 1.5 Ϯ 1.3 mM acetate, 1.2 Ϯ 1.5 mM propionate, and 0.12 Ϯ 0.23 mM butyrate. For the LS set, the remaining COD included 0.89 Ϯ 1.2 mM acetate, 0.39 Ϯ 0.42 mM propionate, and 0.05 Ϯ 0.13 mM butyrate. The steady-state glucose concentrations in both reactor sets under these conditions were below the detection limit (less than 34 M). The headspace methane and hydrogen concentrations in both sets were 0.50 Ϯ 0.04 and 9 ϫ 10 Ϫ5 Ϯ 0.51 ϫ 10 Ϫ5 atm, respectively, and the pH of the reactor liquid was 6.91 Ϯ 0.09. No lactate, ethanol, or any other soluble product was detected during this period in both reactor sets by the analytical techniques used, indicating efficient methanogenic conversion of glucose. At the time of perturbation, the concentrations of the intermediate soluble products in all reactors were below 1 mM each for acetate, butyrate, and propionate. The maximum substrate utilization rate determined only for the HS set over this period was 11.8 Ϯ 5.5 mol/mg of protein/h for glucose, 4.6 Ϯ 3.0 mol/mg of protein/h for lactate, 1.6 Ϯ 0.65 mol/mg of protein/h for acetate, and 0.32 Ϯ 0.43 mol/mg of protein/h for butyrate. For hydrogen, this rate was measured by monitoring methane production and was found be 7.0 Ϯ 1.2 mol/mg of protein/h. This indicates that there was a somewhat lower range of activities compared to the mother reactor activities. The biomass concentration prior to the perturbation was 428 Ϯ 14 mg/liter in the HS set and 410 Ϯ 27 mg/liter in the LS set, and there was no significant difference between the two sets (P ϭ 0.372). Hence, the stability analysis results are presented without normalization.
Resistance, resilience, and stability. The utilization of glucose and the accumulation of major soluble products in response to the perturbation are shown in Fig. 2 . Various functional stability parameters were computed by analyzing the amplification envelope for glucose and the four dominant intermediate soluble products: lactate, butyrate, acetate, and propionate. Formate and isobutyrate accumulated to less than 8% each and were consumed within 2 days; therefore, these compounds were not included in the stability analysis. No other soluble intermediate products were observed by the analytical techniques used. Total COD analysis conducted on a subset of the reactor samples indicated that the soluble products measured constituted most of the COD. Reactor 5 of the HS set and reactor 4 of the LS set had anomalous performance either under referential state or perturbed state conditions compared to the other three reactors in the corresponding sets. This is apparent from the accumulation of lactate, butyrate, and especially acetate in reactor 4 (Fig. 2b, c, and d) and from the accumulation of propionate in reactor 5 (Fig. 2e) . The startup of reactor 5 was also poor (data not shown). Hence, reactors 4 and 5 are excluded from the stability analysis.
Since a higher numerical value for resistance indicates lower system resistance, the data for lactate and butyrate support the hypothesis that the HS set was more resistant than the LS set ( Table 1 ). For the remaining two intermediate products, the difference was statistically insignificant for the two sets. When the resilience results were compared, however, the HS set was more resilient with respect to all four intermediate products.
The two sets also differed in terms of their reactivity towards lactate and acetate. The LS set was more reactive with respect to lactate and less reactive with respect to acetate, and there was no significant difference for the other two products. A fourth stability parameter, declivity, defined by the average slope of the declining limb of the envelope, was also calculated in order to compare the net rates of utilization of the soluble compounds. This parameter indicated that the net rates of utilization of all compounds in the LS set were either equal to or higher than those in the HS set (Table 1) .
While the above analysis enables one to compare the stability of a portion of the community, it does not allow an assessment of the total stability with respect to soluble compounds. This is because measures of stability are always associated with a specific compound. Thus, it is likely that a system is less resistant or resilient with respect to one compound and more resistant or resilient with respect to another. Hence, a measure of the total soluble compound stability was also needed. Some possible candidates were the sum of the resistance or resilience values for all soluble compounds, the sum of the areas under the envelopes of all soluble compounds, and the sum of the total moments of areas under the envelopes of all soluble compounds. The third option was chosen as the most appropriate measure because it emphasizes the products that accumulate to higher levels for longer periods. It is defined by: moment of area (in % ee-day
where A i is the area under the envelope of the ith compound and t i (in days) is the moment arm for the envelope of the ith compound given by the distance from the center of gravity of the envelope to the perturbation axis. This equation indirectly incorporates all the parameters of stability, including the effect of the shape of the amplification envelope. It also allows summation of all compounds (often reflecting a separate guild), making it possible to compare the stabilities of two systems. However, all compounds must be expressed in the same units. Like resistance and resilience, a higher numerical moment of area denotes lower system stability. The total soluble compound stability calculated using the above equation for the two sets of communities indicated that the HS set was indeed more stable than the LS set ( Table 1 contribution of the ith compound to the moment,
The results obtained with this equation indicated that acetate accumulation in the LS set was the most dominant reason (56% Ϯ 6.4%) for the lower stability of this set, followed by propionate accumulation (28% Ϯ 14%) and butyrate accumulation (16% Ϯ 1.7%). Use of this equation also indicated that lactate accumulation contributed only 0.4% Ϯ 0.2% by itself to the moment of area of the LS set. However, as discussed below, the serial conversion of lactate to butyrate and then to acetate became the primary manifestation of instability for this community.
Parallel versus serial substrate processing and functional stability. The sequence of accumulation of the four major soluble intermediate products in response to the glucose perturbation is shown in Fig. 3 (average of three reactors from each set). In the HS set, the accumulations of the four intermediate products were simultaneous in response to the glucose perturbation, indicating a predominantly parallel flow of substrate (Fig. 3a) . In the LS set, the depletion of glucose (occurring within 20 h [ Fig. 2] ) coincided with the rapid accumulation of lactate, which was then converted predominantly to butyrate within 2 days (Fig. 3b) . The utilization of butyrate occurred over the next 10 days, and there was significantly greater accumulation of acetate than that in the HS set. Accumulation of the intermediate products in the LS set was predominantly serial (Fig. 3b) .
One of the major differences between the two sets was the smaller amount of total reducing equivalents present in the soluble compounds in the HS set (Fig. 3) . The reason for this may have been the initially lower glucose utilization rate in the HS set (Fig. 3a, inset ) (4 mol/mg of protein/h for the first 11 h versus 16 mol/mg of protein/h for the remaining 9 h). During this initial period, nearly 24% of the glucose was utilized, but only 4.5% was accounted for in soluble intermediates, indicating that the remaining 19.5% was most likely converted to methane, biomass, and H 2 during this period. When the same data for the LS set (Fig. 3b, inset) were compared, all of the glucose was utilized within 10 h (at a rate of 19 mol/mg of protein/h) and nearly 83% of the total reducing equivalents could be accounted for in soluble intermediates. A maximum of 7.2% Ϯ 1.3% of the ee could be attributed to biomass in both sets; the concentrations increased to maximum values of 611 Ϯ 33 mg/liter in the HS set and 588 Ϯ 54 mg/liter in the LS set in response to the perturbation by day 1. These values gradually declined to 439 Ϯ 32 mg/liter in the HS set and 436 Ϯ 29 mg/liter in the LS set by day 16. Hence, differences in biomass concentration cannot account for the difference in soluble product accumulation. Since no other soluble compounds were detected in both sets by HPLC (using both UV and refractive index detectors for up to 120-min runs), the remainder was most likely distributed between methane and hydrogen.
The rates of utilization of total soluble compounds in the two sets were similar, with 2.4% ee/day utilized in the LS set and 2.7% ee/day utilized in the HS set (Fig. 3) . Also, the individual rates of utilization of lactate, butyrate, and acetate in the LS set were either equal to or higher than the corresponding rates in the HS set (indicated by their declivity [ Table 1 ]). Therefore, the greater accumulation of soluble products in the LS set was attributed to a higher production rate and channeling of all the excess ee into predominantly one intermediate at a time. For acetate, it is also possible that the rate of utilization by methanogens was low for the first 12 days, resulting in greater accumulation of acetate, and gradually rose after this to the rate observed in the HS set. Such an increase in activity was indeed observed in the HS set, where the acetate utilization rate doubled due to the perturbation (data not shown). The utilization of butyrate was also thermodynamically favorable after the initial 2 days. This is also supported by the net utilization of butyrate (Fig. 3b) . The concentration of the volatile fatty acids present in the LS set was below the inhibitory level (1) . Hence, greater sequential production of lactate, bu- a The values in parentheses are the P values for 95% confidence intervals for two-sample t tests conducted on the corresponding stability parameters for the two reactor sets. A P value less than 0.05 implies that the difference in the means for the two sets was significant at the 95% confidence interval.
b The total soluble compound stability for the HS set was 2,335% Ϯ 473% ee ⅐ day 2 , and the total soluble compound stability for the LS set was 9,962% Ϯ 1,750% ee ⅐ day 2 (P ϭ 0.018).
tyrate, and acetate coupled with possibly a lower initial rate of acetate utilization resulting in delayed accumulation of acetate is the most likely reason for the lower stability of the LS set. Production of lactate and its serial conversion to butyrate are not common in full-scale anaerobic digesters even under perturbed conditions. However, lactic acid bacteria play a crucial role in silage making, cassava flour production, and cheese blowing. It is probable that the LS set contained a higher proportion of lactic acid-producing bacteria (consistent with a high proportion of coccus morphotypes [4] ) and these organisms responded to the glucose perturbation. The subsequent conversion of lactate to butyrate observed in the LS set is also energetically favorable, as shown by the following equations: A number of organisms, including Clostridium tyrobutyricum, Clostridium acetobutylicum, and Butyribacterium methylotrophicum, have been implicated in the above reactions (2, 8, 14) . Since the mother reactor for the LS set was started at a different time of the year than the mother reactor for the HS set was started, it is possible that it contained significantly larger populations of organisms that can produce lactate and convert lactate to butyrate.
Replication of function under perturbed states. As evident from the data in Table 1 and Fig. 2 , replication of the substrate flow pattern under perturbed conditions by mixed microbial communities is possible. It should be noted, however, that one reactor from each set of four reactors was not included in the analysis. This could be considered the limit to replication of complex microbial systems. Moreover, even for the three reactors in each set, exact replication for all intermediate products was never observed, indicating that there is a need to define a "degree of replication." We combined the replication in all the stability parameters using the following equation:
where D ij is the absolute percent deviation from the mean value for the ith intermediate product and jth stability parameter and D i,j max is the maximum value possible for this absolute deviation. A deviation of 100% in each parameter and product was taken as the upper limit for D i,j max in this analysis. Thus, for a given intermediate product i, deviation from the mean in the stability parameter j was calculated for all three reactors in each set. The deviations were then added together for all four stability parameters and intermediate products to compare the overall replication. Accordingly, an average absolute deviation of 5% from the mean in all four stability parameters, four intermediate products, and three reactors in each set results in an overall degree of replication of 0.95, a 10% deviation results in an overall degree of replication of 0.90, and so on. Using this approach, the degree of replication for the HS set was 0.79 and the degree of replication for the LS set was 0.83, indicating that both sets replicated reasonably well, varying on average by 21 and 17%, respectively.
As mentioned before, one reactor in each set (reactors 4 and 5 [ Fig. 2] ) differed considerably in its response to perturbation. The differences may have been due to the presence of minor populations. The community in the HS set spent at least 17.5 MCRTs under laboratory conditions, while that in the LS set spent only 5.8 MCRTs under such conditions. Operating for longer times may reduce the likelihood of finding minor populations. For example, assuming no net growth of a population that is initially present in the inoculum at some level, the percentage of the original population remaining in a bioreactor is 5% after 3 MCRTs, 0.6% after 5.8 MCRTs, and 2.7 ϫ 10 Ϫ6 % after 17.5 MCRTs. For these conditions, a minor population representing 1% of an inoculum consisting of 10 9 cells/ml is initially present at a concentration of 10 7 cells/ml. After 5.8 MCRTs, 6 ϫ 10 5 cells/ml are still present even with no net growth. Since such a small population can exist in a microbial system and perhaps even find a niche and grow, the significant deviations observed within a set in response to the perturbation are not surprising. This also emphasizes the point that operating a mixed-community reactor for 3 MCRTs may be sufficient to achieve stable performance under referential state conditions but it is evidently inadequate to achieve a high degree of replication of stability of function under perturbed conditions. This study supports the hypothesis that parallel processing of substrate may confer greater functional stability in response to a substrate perturbation. In this context, parallel should not be taken as absolutely parallel as in some fields, but as a network of multiple routes for substrate flow. The results also indicated that ecological functions of similar microbial communities are replicable within the uncertainties associated with complex systems. However, under perturbed conditions significant deviations are possible and are most likely due to the presence of numerically minor but important populations, as shown in the companion paper (4). These deviations can have a profound impact on the functional stability of such systems during perturbations.
